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Avrami's law based kinetic modeling of colonization of mortar surface by alga
The aim of this research was to modelize the colonization of mortar surface by green algae 32 using Avrami's law. The resistance of mortars, with different intrinsic characteristics 33 (porosity, roughness, carbonation state), to the biofouling was studied by means of an 34 accelerated lab-scale test. A suspension of green alga Klebsormidium flaccidum, was 35 performed to periodically sprinkle the mortar surfaces. The covered surface rate followed a 36 sigmoidal type curve versus time. Moreover, in order to apply Avrami's law, the algal 37 colonization has been described by two processes: attachment and growth of algal cells. The 38 image analysis showed that both the roughness and the carbonation influenced the algal 39 attachment, unlike the porosity. The attachment specific rate increased linearly with time. For 40 the algal growth process, it's difficult to conclude on the influence of mortar characteristics 41 due to a high dispersion of experimental results. However, the assumption of a constant 42 growth rate was acceptable. A good agreement between the simulation and the experimental 43 results was obtained. 44 45
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Introduction 48 49
The building facades, after construction, are inevitably subject to the colonization by 50 microorganisms which can induce an aesthetical degradation of the construction. These 51 microorganisms may be bacteria, algae, cyanobacteria, fungi, lichens and even higher plants if 52 no prevention is achieved. It is found that, except ubiquitous bacteria, algae are the first 53 colonizers. Moreover, the Klebsormidium flaccidum algae are well known for their wide 54 distribution (John 1988 causes an aesthetic problem and thus a significant economic loss due to the maintenance and 58 the repair of the facades. 59
The implantation of microorganisms depends on various-origins parameters. Indeed, 60 under temperate or tropical climate, the composition of a biofilm and the dominant species are 61 respectively different (Crispim et al. 2003 (Avrami 1939 ; 1940 ; 1941 ; Johnson and Mehl 1939 Table 2 gives the characteristics of the studied mortars. Each mortar was labeled 151 according to three codes. The first one was the w/c ratio (0.5 or 1), the second one expressed 152 the carbonation state (C for carbonated and UC for uncarbonated) and the third one 153 corresponded to the roughness (R1, R2 and R3). For example, a sample labeled 10C-R2 154 corresponded to a carbonated sample, carried out with a w/c ratio equal to 1 and with the 155 intermediate roughness.
156
To evaluate biofouling, the sample surface was daily digitized by means of an office 157 scanner. The area colonized by algae was determined by image analysis using Aphelion ® 158 software. The colonization rate was given by the ratio of the colonized area to the total surface 159 and was noted X(t). 160
Full details of the experimental approach were described in a previous paper (Tran et al. 161
2012). 162
In order to experimentally determine the specific attachment rate and the growth rate of 163 algae, an algorithm was developed with Aphelion ® software. The objective of the algorithm 164 was to quantify new spots appearing between time t and t+2t by comparison of the two 165 images acquired respectively at time t and t+2t. The growth rate was determined by following 166 the increase in the surface of each spot over time. (Galwey 198 and Brown). Kinetics modeling of these reactions are usually done using a general expression 199 of the reaction rate under the form dX/dt=A.f(X). A is a preexponential factor, which depends 200 on temperature and activation energy and f(X) a function of the fractional conversion X. 201
When X(t) is a sigmoidal curve, authors often use the Avrami laws to express f(X The extension of the fouling results from the growth of the first algal spots and from the 211 adhesion of new ones (Fig. 2) . This confirms that the attachment and the growth occurred 212 simultaneously, which allows the use of Avrami's model. 213
In addition, the algal spots appeared randomly on the sample surface as required by the 214 Avrami's model. 215
Thus, the colonization by algae has been considered as the combination of two processes: 216 the attachment and growth of algal spots, which were assimilated respectively to the 217 "nucleation" step and to the growth step of the "nuclei" described in the Avrami's model. 218 219
To simplify the modeling, it was assumed that the attachment ("nucleation" in the 220 Avrami's model) occurred with the same probability over the entire surface of the sample. As 221 a consequence, the surface defects, such as air bubbles, did not affect the attachment of algae. 222 Fig. 1 showed that no colonization of the sample surfaces by algae occurred during 223 several days. This time was called latency period. During this period the attachment and the 224 growth of algae were null. The duration of this phase can depend on several parameters, such 225 as sprinkling period, chemical composition of the specimen and of the culture medium... The 226 latency time (t l ) was defined as the time corresponding to a colonization rate of 0.5 %. The 227 best reproducibility was obtained using this method. 228
In general, the attachment and the growth of algae on the mortar surface might be 229 affected by the porosity (p), the roughness (R), the initial pH of the surface (pH), the chemical 230 composition of the mortar, the algae species, the algae viability, the light intensity, the 231 temperature, the inclination of the substrate surface and the sprinkling flow. However, except 232 the material properties (porosity, roughness and surface pH), all other experimental 233 parameters were constantly fixed. 234 235
The specific attachment rate was defined as the number of algal spots appearing on 236 surface unit per time unit (eq.1). 237 238 Where k c corresponds to the specific growth rate constant (µm/day). 252 253 k c takes into account the growth rate in each direction (x and y) and the form of the algal 254 spot. 255
The colonization rate X(t) was calculated from the law of "nucleation" and growth 256 previously expressed, as an exponential equation (eq. 3) (Delmon 1969 This process was applied only in the early stage where less than 8 % of sample surface 278 was covered by algae. A more advanced colonization disrupted the fixation of new algal cells 279 and therefore distorted the determination of the specific attachment rate constant (k g ). 280 281 4.1.1 Influence of mortar characteristics on the algal attachment process 282 283 Fig. 3 illustrates the evolution, during time, of the specific attachment rate of algae for 284 carbonated mortars mixed with a w/c ratio of 1. For each samples, the specific attachment rate 285 is null during several days. This result confirms the existence of a latency period during which 286 no spot is fixed to the surface. Moreover, despite important uncertainties, influence of the 287 roughness on the algal attachment rate is obvious. Indeed, the rougher the mortar is, the 288 higher the attachment rate is. 289
The effect of the carbonation of mortars (roughness R2 and w/c = 1), on the algal 290 attachment rate is shown on Fig. 4 . The attachment rate reached for the uncarbonated mortar 291 is much smaller than for the carbonated one. 292
For carbonated mortars and roughness R2, the influence of w/c ratio on the attachment 293 rate is illustrated on Fig. 5 . The results demonstrate that attachment specific rate for w/c ratios 294 of 0.5 and 1 are very close. Thus, in our study, the effect of the porosity was negligible on the 295 biofouling. 296 297 4.1.2 Specific attachment rate constant 298 299
According to the Figs. 3, 4 and 5, beyond the latency time, the specific attachment rate, 300 which is equivalent to the "nucleation" rate in the Avrami's model, increases linearly with 301
time. This result implies that the specific attachment rate can be modelized by a power law. In 302 this case, the value of the power (q) is equal to 1 to express the attachment rate. Thus the 303 specific attachment constant (k g ) can be determined, beyond the latency time (t l ), by a linear 304 regression. Fig. 3 illustrates the fit obtained for carbonated mortars with a w/c ratio equal to 1. 305
The values of k g for all the studied mortars are summarized in Table 3 . For all the 306 samples, to the exception of 05R3-C, k g is strongly dependent of the roughness. Indeed, when 307 the roughness increases, k g also increases. For example, k g of carbonated samples is 9 times 308 higher and 30 times higher when the roughness increases from R1 to R2 and from R1 to R3 309 respectively. 310
The behavior of the 05R3-C sample for which the specific attachment constant was 311 smaller than the one obtained for 05R2-C was particular. Despite a high R a value (186µm), 312 the micro-roughness created by the sand grains was missing from the surface of these 313
samples. This micro-roughness is important in promoting the algal adherence. 314
Moreover, beyond a roughness of 30µm, the relationship between k g and the roughness 315 (R a ) seems to be linear (Fig. 6a) . The slope of the straight line is around 4.6 and 0.7 316 respectively for the carbonated samples and the uncarbonated ones. So the carbonated 317 samples are more sensitive to the roughness than uncarbonated ones. 318
In addition, the carbonation, and then the surface pH, impacts the specific attachment 319 constant. Indeed, whatever the roughness, k g is always higher for carbonated samples than for 320 uncarbonated ones. 321 322 4.1.3 Latency time 323 324 The values of t l are summarized in Table 3 . The latency time decreased with the roughness 325 and the carbonation. For carbonated samples, the effect of the roughness is weak ( fig. 6b) In order to simulate the colonization process and in accordance with the results of 361 paragraph 4.1.2, q was fixed to 1 and thus n was equal to 4. The K parameter was adjusted 362 from the equation (3) by the least squares method (K was determined so that the error was 363 minimal). In order to express the deviation between the model and experimental data, a 364 fiability factor (R) was calculated as follow: Where: 369 X st represents the simulated colonization rate at time t 370 X et represents the experimental colonization rate at time t 371 372
All the values of K are summarized in the Table 3 . As expected, K increases with the 373 roughness and the carbonation with the exception of sample 05C-R3 (w/c=0.5, carbonated 374 and high roughness). This result was previously described and discussed in paragraph 4.1.2. 375
By using the equation (3) and the values of K, it was possible to simulate the colonization 376 rate. For all the carbonated mortars, the simulated curves were close to the experimental 377 points (Fig. 9) . The fiability factors were small with a maximum error lower than 11 %. For 378 most of the uncarbonated mortars, a good agreement between simulated colonization rate and 379 experimental data was obtained (Fig. 10) For almost all mortars, the simulated curves are very close to the experimental results. The 404 nucleation-growth mechanism is well adapted to describe the phenomenon of biological 405 colonization. Indeed, the colonization started by attachment of small algal spots (called 406 "nuclei" in Avrami's law) and is extended by the growth of these latter. Each of these two 407 processes was directly analyzed by image analysis. 408
The algal attachment on a surface is particularly complex, depending on several 409 parameters such as the microorganism nature, the substrate type, the medium type, the 410 microorganism concentration, which modify the interactions between the substrate and 411 microorganisms and microorganisms themselves. However, in the case of this work, the 412 mechanism of attachment was not studied. The author focused on the macroscopic aspect of 413 the algal adhesion. Indeed, the size of the smallest area of algal spot which could be detected 414 by image analysis was approximately 7200 3m 2 . This area corresponded to around 80 times 415 the surface of an algal cell. So, a spot is composed of a lot of algal cells. This spot concept 416 integrates the complex phenomena involved in the adhesion of cells to a surface, the cell 417 density and the surface properties which depend on metabolic activity and physiological state, 418 necessary to retention and self-organization of cells (Carnazza et al. 2011 ). 419 420
The algal attachment on the sample surface was significantly influenced by the 421 roughness. Indeed, roughness provides asperities, which promoted the anchorage of algal 422 cells. It results in a higher specific attachment rate and a shorter latency time.
423
The carbonation, by decreasing surface pH, favored the attachment and growth processes. 424
It produced the same effects than the roughness, i.e. increasing the specific attachment rate 425 and shortening the latency time. However, unlike the roughness which acts physically on the 426 ability of algae to cling on a substrate, the carbonation may affect the algal metabolism. 427
Indeed, in the case of carbonated mortars, the algal cells are in a less alkaline medium, and so, 428 less stressful conditions than in the case of uncarbonated ones. The ability of attaching and 429 spreading of algae on the surface are thus better for carbonated samples (Tran et al. 2012).
430
The growth of the spots is the consequence of the vegetative or cellular multiplication which 431 is favored at low pH (Škaloud, 2006 The kinetic of biological colonization on mortar surface was well modelized in applying 465
Avrami's theory. The experimental conditions used in this study were suitable for the 466 application of the Avrami's model and satisfied to assumptions of the model. The model 467 based on two steps, "nucleation" or attachment and growth, closely represents the 468 colonization rate. 469
The influence of roughness and carbonation on the attachment frequency was 470 highlighted. These two intrinsic parameters promoted the anchorage of algae on the substrate 471 by increasing the attachment rate and by shortening the latency time. The porosity had no 472 effect in our tests. 473
According to the results, the evolution of the attachment rate as function of time seems 474 linear. So the attachment rate followed a powerful law with a power q equal to 1. 
